The secretory antibody immunoglobulin A counteracts pathogenic infections at mucosal surfaces. Recent work now reveals that IgA responses can also stabilize intestinal colonization by symbiotic microorganisms and confer resistance to future invasion by exogenous competitors. The intestinal immune system faces the challenging task of responding swiftly and vigorously to pathogenic infections while simultaneously allowing colonization by trillions of beneficial commensal microorganisms. This balance is typically conceptualized as a dichotomy between immunity and tolerance. A recent study by Mazmanian and colleagues [1] now reveals, however, that the mucosal immune response to commensals may sometimes transcend tolerance in order to actively promote colonization by specific symbiotic microorganisms. Furthermore, these authors suggest that specific symbionts have evolved sophisticated systems to exploit this mechanism of enhanced colonization of host-associated niches.
In prior studies, the Mazmanian group identified a genetic locus that was required for the model symbiont Bacteroides fragilis to colonize colonic crypts: they termed this locus commensal colonization factor (ccf). In addition to enabling colonization of the colonic crypt, the ccf locus also endowed B. fragilis with colonization resistance against invasion by other strains of the same species [2] . The B. fragilis ccf locus represents a specific class of so-called polysaccharide utilization loci (PUL): these loci generally encode factors that recognize the presence of specific glycans and induce enzymes that mediate glycan processing. Thus, the authors theorized that the utilization of specific host glycans, such as the mucins that make up the thick mucus layer in the colon, was required for B. fragilis colonization of colonic crypts. Given the obvious importance of mucus invasion for colonization of colonic crypts, a requirement for PUL-mediated glycan processing was a generally satisfying explanation for the mechanism by which ccf enables crypt colonization by B. fragilis. However, the recent work by Mazmanian and colleagues [1] uncovers an additional layer of ccf-mediated colonization enhancement that implies an intimate co-evolution between the symbiont B. fragilis and the host immune system.
The first hint that the role of the ccf locus in colonization went beyond regulation of polysaccharide utilization came from the finding that the ccf mutant fails to express specific capsular polysaccharides (CPS) that are usually present on the surface of B. fragilis. These bacteria produce eight different CPSs and, while it was known that CPS expression confers a competitive advantage compared with acapsular mutants [3] , the mechanism(s) responsible for this effect remained unclear. Mazmanian and colleagues [1] found that ccf and CPS B/C mutants exhibit an identical loss of colonization resistance and failure to associate closely with the mucosal surface ( Figure 1A,B ). This raised the question of how a cellsurface CPS could confer enhanced colonization of colonic crypts and resistance to invasion by congenic strains of B. fragilis.
The answer to this question came through an unexpected connection between B. fragilis and a specific feature of the mucosal immune response -the production and secretion of a unique antibody isotype called immunoglobulin A (IgA). IgA is distinct among antibody isotypes in that it is primarily found in mucosal secretions rather than in the blood or tissues and is best known for providing defense against infections at mucosal sites. IgA can also bind to and 'coat' resident commensal bacteria in the gut, however, and recent studies have revealed that this IgA coating can shape gut microbiota composition [4] . The role of IgA in shaping the gut microbiota was initially thought to be similar to its role in defense against pathogens, i.e. restriction of the growth of specific organisms. However, more recent work has suggested that IgA may also be able to promote colonization or expansion of specific species via unknown mechanisms [4, 5] . In line with this hypothesis, Mazmanian and colleagues found that ccf mutants displayed a reduced ability to induce IgA, and that both ccf and CPS B/C mutants exhibited lower coating by IgA. This reduction in IgA coating was associated with a concomitant decrease in mucosal association and loss of resistance to invasion by isogenic strains of B. fragilis. Similar results were obtained in IgAdeficient mice, where even wild-type B. fragilis displayed a defect in mucosal association and resistance to invasion ( Figure 1C ). Together, these data show that IgA responses to B. fragilis CPS promote mucosal localization and colonization resistance, and that regulation of CPS expression by the ccf locus facilitates IgA coating.
Certain bacterial strains can stably colonize the human gut for many years, even decades, and most commensal species are represented by a single strain. This impressive strain-level stability persists despite constant peristalsisinduced flow, continuous targeting by bacteriophages, and regular exposure to foreign strains from the environment. Several parallels between B. fragilis and other Bacteroides species imply the existence of shared mechanisms for stabilizing interactions between symbionts and the host immune system. For example, B. thetaiotaomicron (theta) dedicates nearly one-fifth of its genome to sensing and utilizing host-and dietderived polysaccharides and its genome, like that of B. fragilis, encodes several CPS loci. B. theta can also colonize colonic crypts and exhibits resistance to sequential colonization [6] . Furthermore, a B. theta strain engineered to produce a specific CPS shows enhanced competitive fitness that correlates with the level of anti-CPS IgA and is reduced in Rag -/mice that lack IgA [7] . Interestingly, the crosstalk between CPS expression and ccf loci may also be conserved in B. theta because a ccf homolog in B. theta is upregulated in vivo in a CPS-dependent manner [7] .
Various bacterial genes and loci have been implicated in competitive fitness in the gut [8] . However, it is unclear precisely how many of these loci exert colonizationresistance phenotypes that are similar to those induced by B. fragilis ccf. Recently, ancient stress response pathways have also been implicated in microbiota colonization resistance [9] . This raises the possibility that many functions that affect generic bacterial fitness may result in similar loss of resistance to displacement by phylogenetically related strains or species.
The studies by Mazmanian and colleagues [1] also add to the accumulating evidence that IgA coating can have divergent effects on distinct gut microbiota species -i.e. it can support colonization by or growth of symbiotic species, while restricting colonization by pathogens and growth of other commensal species [5] . This raises the question: how can a single antibody isotype mediate these contradictory outcomes? A major factor that can influence colonization stability is the ability to avoid bacterial washout due to peristaltic flow; notably, IgA has been suggested to impact washout via multiple mechanisms [10] . However, differential adhesion alone still doesn't explain the divergent effects of IgA coating on different species. One attractive possibility is that opposing effects on colonization may diverge based on differences in bacterial lifestyles or niches. For example, bacteria that live primarily in the lumen and exhibit r-like selection (i.e., prioritize rapid growth over survival of offspring) may be restricted by IgA-induced aggregation or enchained growth [11] . In contrast, bacteria that inhabit host-proximal niches (e.g. colonic crypts) and exhibit K-like selection (i.e., exhibit slower growth and prioritize survival in a competitive environment) may benefit from enhanced mucus adherence via IgA coating and the resulting resistance to washout.
Overall, these fascinating studies highlight a number of questions regarding the co-evolved interactions between these mammalian host and bacterial symbionts, and suggest potential broader evolutionary implications of using IgA as a tool for bacterial selection rather than elimination. On the bacterial side, while ccf and CPS B/C mutants result in similar phenotypes, it remains unclear whether the role of the ccf locus in colonization is limited to induction of CPS B/C. For example, is active mucosal invasion by B. fragilis required for the initial induction of IgA? Is IgA coating sufficient for mucosal localization in the absence of other ccf activities? Or does optimal mucosal colonization require cooperation between these programs? It is also interesting to speculate that the ccf locus might function to control CPS expression in a location-specific manner. Notably, while the B. fragilis genome encodes many unique CPSs, invertible promoters and trans-locus inhibitors restrict the simultaneous expression of multiple CPSs within a single cell. Thus, isogenic populations of B. fragilis collectively display a wide array of CPSs. If ccf induces particular CPSs in response to specific host glycans that are enriched at certain locations (e.g. in colonic mucus), this might allow B. fragilis to shape CPS structure to suit different intestinal locations and lifestyles. On the host side, it is traditionally assumed that the IgM antibody isotype can compensate for IgA in mice and humans that lack IgA; indeed, humans with IgA deficiency display significant compensation by IgM. Nonetheless, it is clear that IgA can also have unique functions since IgA-deficient individuals display a clear dysbiosis [12] . Interestingly, Mazmanian and colleagues [1] observed minimal IgM coating of B. fragilis in IgA-deficient mice. This raises the fascinating possibility that different classes of microbes trigger qualitatively different IgA responses. For example, invasive microbes that are potentially pathogenic may trigger compensatory IgM responses in hosts that lack IgA, while symbiotic microbes such as B. fragilis may engage a pathway that uniquely triggers IgA but not compensatory IgM.
Finally, the idea that IgA can select for specific species (or even strains) of symbionts has broad implications for host-microbiota co-evolution. The studies by Mazmanian and colleagues [1] suggest that IgA can play an important role in the selection and stabilization of specific symbionts within a given host.
However, because antigen-specific IgA is passed from mother to child in breast milk, it is also possible that symbiontspecific IgA can exert transgenerational effects on microbial transmission. For example, antigen-specific IgA in the mother's milk may enforce colonization by the specific symbiont that is obtained from the mother during childbirth and protect against colonization by environmental strains of the same species. This method of enforcing highfidelity vertical transmission of specific microbes could be key to enabling true co-evolution of host-microbe symbiosis.
